Abstract A computerized version of the Tower of London task was used to investigate cognitive skill learning. Thirtysix healthy volunteers were assigned to either a random condition (nonrecurring problems), or to a sequence condition in which, unbeknownst to the subjects, a repeating sequence of three problems was presented. Indices of execution, planning, and total time, as well as number of moves performed, were used to measure behavioural change. Subjects' performance improved in both conditions across blocks of practice. A distinct learning effect related to the repeating sequence was also observed. This suggests that a specific skill that reflects procedural learning of the strategies, rules, and procedures pertaining to repeating problems can develop over and above a more general skill at solving cognitive planning problems with practice.
Cognitive skill learning can be defined as the process by which rules, procedures, and strategies relevant to the performance of a task demanding mental operations come to be combined and used effectively following repeated practice. A broad range of paradigms have been used to study the time course of learning and the critical parameters required to trigger the acquisition of new cognitive abilities, including tasks as varied as those involving mnemonic abilities (Ericsson, 1985) , artificial grammar (see Knowlton & Squire, 1994 for a review), mathematics and arithmetic (Campbell & Graham, 1985; Charness, Milberg, & Alexander, 1988; McGlinchey-Berroth, Milberg, & Charness, 1989; Pauli et al., 1994) , computer use and programming (Anderson, Farrell, & Sauers, 1984; Glisky & Schacter, 1988 Glisky, Schacter, & Tulving, 1986; Pirolli & Anderson, 1985; Squire & Frambach, 1990) , as well as those requiring planning and problem-solving abilities (Butters, Wolfe, Martone, Granholm, & Cermak, 1985; Daum et al., 1995; Fasotti, Eling, & van Houtem, 1994; Saint-Cyr, Taylor, & Lang, 1988) . In general, the results of these studies have shown that normal control subjects become more efficient at performing cognitive tasks as a function of practice. Indeed, learning on these types of tasks is usually observed through test performance and is measured by a gradual reduction in reaction time, a decrease in the number of errors, and/or a reduction in the number of trials to reach criterion.
Theories of skill learning provide a useful conceptual framework to understand the processes involved in the acquisition of cognitive skills. For example, the models elaborated by Fitts (1962) and Anderson (1990) propose the existence of three distinct stages in the development of a cognitive skill: 1) a declarative or cognitive stage, 2) a compilation or associative stage, and 3) a tuning or autonomous stage. In the first stage, skills develop through the use and integration of declarative knowledge in the form of instructions and essential information pertaining to the performance of the task at hand. Anderson (1990) has argued that, at this stage, learners are using domain-general problemsolving procedures that are provided by accumulating examples of possible solutions or mental operations, which can then be stored as declarative knowledge for future use. It is believed that this knowledge can speed up performance because, rather than having to go through all the processes involving the application of rules and procedures of a given task, a particular strategy can be retrieved directly from memory (Anderson & Fincham, 1994; Anderson, Fincham, & Douglass, 1997; Pirolli & Anderson, 1985) . Thus, at this stage, changes are thought to be related to the amount of declarative information that learners acquire with the development of a new skill, the knowledge base becoming greater and better organized with experience. Evidence for such changes comes from studies that have investigated the differences between experts and novices in various cognitive domains such as chess playing (DeGroot, 1965) or physics (Heller & Reif, 1984; Larkin, 1985) . For example, it has been shown that experienced chess players are more efficient than beginners because they rely heavily on explicit knowledge acquired from previously encountered game configurations.
Despite the fact that explicit knowledge seems essential in the acquisition of a variety of cognitive skills, especially in the initial phases of learning, there is also ample evidence that some cognitive skills can be acquired through nonconscious or implicit processes. In 1967, Reber showed that normal subjects became increasingly efficient at classifying either grammatical or nongrammatical letter strings although they were not aware of the underlying rules governing the structure of these letter strings. In this artificial grammar task, subjects learned to exploit regularities or structure in the stimuli presented in order to improve their performance, yet they seemingly had no conscious access to the rules on which they based their classification. Other studies using probabilistic learning (Reber & Millward, 1971 ) simulated economic systems (Berry & Broadbent, 1984) , or target location learning (Lewicki, Hill, & Bizot, 1988 ) also indicated that subjects are sensitive to underlying rule systems or relationships between events without declarative knowledge of the existence of such rules or relationships.
Studies of amnesic patients have also contributed to show that cognitive skills may be learned implicitly. Whereas the acquisition of new explicit knowledge is impaired in amnesia, implicit learning (i.e., skill acquisition, conditioning, priming, and habit formation) is spared. Cohen and collaborators reported that the amnesic patient H. M. was able to learn to solve a puzzle, the Tower of Hanoi task, as fast as control subjects, and to remember how to solve the puzzle despite having no recollection of ever having seen the test (Cohen & Corkin, 1981; Cohen, Eichenbaum, Deacedo, & Corkin, 1985) . Similarly, Knowlton, Ramus, and Squire (1992) demonstrated that amnesic patients performed as well as normal control subjects on an artificial grammar task, despite the fact that they were poor at recognizing the exemplars that had been presented. Thus, amnesic patients seem able to acquire cognitive skills without going through a declarative stage as proposed by Anderson's model.
The second stage of cognitive skill learning, proposed by Fitts and Anderson, is an associative phase where knowledge is thought to be converted, through different processes, into procedures specific to the domain in which the skill is acquired. This stage is also believed to be directly related to the execution of a skill. Anderson (1990) has described several learning mechanisms (e.g., composition and proceduralization) by which procedures are combined to generate more efficient strategies to perform a cognitive task, while others have proposed that, at this phase, components of the task are restructured into more complex units, thereby allowing a further speed-up in performance (Cheng, 1985; Rosenbloom & Newell, 1987) . Empirical evidence supporting the existence of a reorganization of components of a skill during the acquisition process comes, for example, from studies which have shown that normal control subjects become more efficient with practice at putting together the different steps of an algorithm in mental calculation (Charness & Campbell, 1988; , as well as at solving geometry problems (Anderson, Greeno, Kline, & Neves, 1981) .
Finally, at the third stage, or autonomous phase, skills are believed to be refined and to become more automated. Mechanisms like tuning (Anderson, 1990) and automatization (Logan, 1985 (Logan, , 1988 Shiffrin & Dumais, 1981) have been proposed to describe the processes that occur at this stage of learning. Studies using dual-task paradigms have provided insight into this phase of skill acquisition. They suggest that the automatization of cognitive skills is characterized by a reduction of the demands placed on cognitive resources and, in particular, on attentional and working memory capacities (Carlson, Sullivan, & Schneider, 1989; Heuer, 1996; Woltz, 1988; Yap & van der Leij, 1994) .
One category of cognitive skills that has received much attention from the scientific community relates to the ability to solve complex problems. The main reason for emphasizing the study of this type of skill pertains to the fact that nearly all human cognitive activities contain some aspects of problem-solving (Anderson, 1990) . To study the cognitive characteristics involved in the acquisition of new problem-solving skills with practice, some researchers have relied on the Tower of Hanoï puzzle (Anzai & Simon, 1979) . In this task, subjects need to develop and carry out a plan to displace a stack of disks on three pegs from a starting-position to a goal-position, by moving only one disk at a time and never placing a larger disk over a smaller one. Performance on this task is usually measured by recording the total number of displacements used by the subject to achieve the goal position. Early indications that the Tower of Hanoï could be used as a cognitive skill learning task were provided by Cohen and collaborators (Cohen & Corkin, 1981; Cohen et al., 1985) . Several subsequent studies have shown that normal control subjects exhibit procedural learning on this task, as evidenced by a significant decrease in the number of superfluous moves used to find the optimal solution when they are repeatedly exposed to the puzzle (Beatty et al., 1987; Butters et al., 1985; Cohen et al., 1985; Saint-Cyr et al., 1988) . However, one disadvantage of using the Tower of Hanoï task to study skill learning is that on every practice trial, the subject is presented with the exact same problem. This makes the learning very specific to one particular solution, thereby limiting the ecological validity of the task in a skill learning context. Furthermore, repeated practice of the Tower of Hanoï implies searching for a repeating strategy, which can eventually lead to explicit knowledge of this particular strategy. Thus, the question that arises is whether procedural learning can still occur when subjects have acquired declarative knowledge of the solution to the puzzle and can merely apply a known sequence of displacements, without having to engage in the planning and problem-solving procedures necessary to initially discover and carry out the solution to the problem.
To overcome the restrictions associated with the Tower of Hanoï puzzle, we sought to develop a problem-solving task that would allow comparison with findings from these studies, while taking into consideration the limitations mentioned above, in particular, through the use of a variety of problems requiring different solutions. To this end, we used a computerized repeating version of the Tower of London task (initially developed by Shallice [1982] and adapted by Robbins and colleagues [Morris et al., 1988; Owen, Downes, Sahakian, Polkey, & Robbins, 1990; Owen, Doyon, Petrides, & Evans, 1996; Owen et al., 1992] ) to study the time course of learning, as well as the cognitive procedures necessary to solve Tower of London problems effectively. The Tower of London task was chosen because, like most real-life cognitive skills, this task requires a complex amalgam of different cognitive processes used in conjunction. These include processes such as short-term spatial memory, working memory and planning, the generation and sequencing of responses, the active search of possible solutions, the analysis of visuospatial information, sustained and directed attention, and visual imagery (Baker et al., 1996; Owen, 1997; Owen & Doyon, 1999; Owen et al., 1990 Owen et al., , 1992 Owen et al., , 1996 Shallice, 1982; Vanier, 1991) . More specifically, the Tower of London task consists of a series of visual problems in which subjects are asked to move coloured balls in order to reproduce a goal configuration. Several "legal move" instructions restrict the type of moves that can be carried out to arrive at the desired solution, hence forcing the use of planning and problem-solving strategies. Previous work with the Tower of London task has demonstrated that while the time to plan and to execute the problems generally increases significantly with the level of difficulty of the task, the proportion of problems completed using an optimal solution (i.e., employing the minimum number of moves) decreases as problems get more difficult (Owen et al., 1990 (Owen et al., , 1992 . It is important to note that previous studies using this task have measured the performance of control subjects and patient groups at one point in time. As yet, no study has investigated the changes in performance over time and with practice on the Tower of London task in order to measure cognitive skill learning. While it may initially be necessary for participants to learn legal moves for solving the tasks (e.g., they are told they cannot move a ball if another is placed directly above it), there is no one solution that can be applied to all problems, thus making learning of this task primarily procedural in nature.
The objectives of the present study were three-fold. The first was to evaluate the time course of learning associated with solving Tower of London problems in order to determine the utility of this task as a measure of cognitive skill acquisition. We hypothesized that general skill learning would occur with repetitive presentation of different Tower of London problems. The second objective was to describe the nature of the cognitive processes that allow subjects to develop such a skill by looking at different dependent measures of performance over time. We predicted that, with practice, subjects would become more efficient at planning a solution to the problems, and would also carry out these solutions more effectively, as shown by a decrease in the time needed to complete the planned solution, as well as a reduction in the number of superfluous or inefficient moves. Finally, the third objective was to determine whether the inclusion of an embedded repeating sequence of problems of the Tower of London task would produce an enhancement of performance specific to this sequence. To this end, a sequence learning paradigm based on the one described in Nissen and Bullemer's (1987) seminal studies of visuomotor sequence acquisition was employed to measure the effect of being exposed to a sequence of three repeating Tower of London problems during learning. We predicted that subjects presented with a repeating sequence of problems would demonstrate further improvement in performance on the repeating trials, thus reflecting specific procedural learning of the strategies, rules, and procedures necessary to solve efficiently the sequence of problems.
Method

Subjects
Thirty-six healthy volunteers (20 female, 16 male) participated in this study. Subjects with any history of a psychiatric or neurological disorder were excluded from the study. They were aged between 18 and 42 years (M = 24.42 years, SD = 4.66) and had completed between 11 and 16 years of education (M = 14.89 years, SD = 1.63). Thirty-four subjects were right-handed and two were left-handed. All subjects had a visual memory span within normal limits (M = 15.00, SD = 2.18) as measured by the Wechsler Memory Scale -Revised Test (Wechsler, 1987) . These results are summarized in Table 1 . Also, all subjects had normal or corrected-tonormal vision and reported having normal colour perception and discrimination. Subjects gave their informed written consent before participating in this study. This experiment was approved by the Ethics Committee of the Psychology Department at Laval University.
Material
Cognitive skill learning was measured using a computerized repeating version of the Tower of London task (Owen et al., 1990 (Owen et al., , 1992 Shallice, 1982) . This task was programmed in Visual Basic and was administered with a Compaq 1210 Presario computer equipped with a MicroTouch Touchscreen mounted on an IBM screen. The program recorded time measures (i.e., total, initial planning, and execution times) that were precise to the millisecond.
Subjects were seated directly in front of the screen and asked to rest their dominant elbow on a foam pad located on a table and to touch a target on a touch-sensitive screen. The distance and height of the screen were adjusted to minimize the physical demands of the task, and to allow the most comfortable position possible throughout the testing session. All subjects used their dominant hand to respond to the stimuli.
Stimuli
Subjects were presented with two displays of coloured balls (each approximately three centimeters in diameter). The set on top of the screen corresponded to a model display, while the set at the bottom corresponded to a working display. Each set was composed of three coloured balls (blue, red, and green) that could be placed in any of three pockets, which could contain, respectively, only one, two, and three balls. Balls could be moved to empty spaces within these pockets. To move a ball, subjects had to touch it on the screen with the index finger of the dominant hand, and then touch one of the vacant positions. Once selected, the ball began to flash, indicating that it had been activated and that it was ready to be moved to another location.
Subjects were asked to adhere to the following instructions pertaining to legal moves when displacing balls. First, they were not allowed to move a ball if another one was placed directly above it. Second, an illegal move was made if participants clicked an available position that was in the same column as the flashing ball. Third, they were not allowed to move a ball to a location that was already occupied. The program was set such that it would not allow illegal moves and would produce a warning sound when subjects did not conform to the instructions for legal moves. The program counted errors when either an illegal move was made or when a participant selected and then deselected a ball.
The positions of the coloured balls in both the model and working displays were predetermined in order to create problems of different levels of complexity. Unlike previous computerized versions of the Tower of London where only the model display varied and the starting position remained identical from one problem to the other, the present version of the task allowed for various combinations of working and model displays. Before each problem, subjects were told the minimal number of moves needed to solve the problem. Subjects were specifically instructed to try to plan the solution mentally before they started displacing any balls in order to reproduce the model configuration in the minimum number of moves possible.
Procedure
Subjects were trained on the Tower of London task within a single session that lasted approximately 90 minutes. The subjects were given standard instructions for the task and informed of legal moves, followed by a brief demonstration using simple problems. They were then asked to execute a series of six trials of increasing levels of difficulty (1-, 2-, 3-, 4-, 5-, and 6-move problems) to ensure that the instructions were well understood (familiarization phase), hence allowing only minimal practice before training trials began. None of the problems completed in the familiarization phase were presented in the learning phase.
Because of the large number of problems administered during training, problems had to be selected from 
three different levels of difficulty. Each trial was composed of problems that required four, five, or six moves to be solved (see Figure 1) . A four-move problem was always followed by a six-move problem, which was then followed by a five-move problem. All subjects completed five blocks of 15 learning trials. Therefore, they completed a total of 75 problems, 25 at each level of complexity. Subjects were randomly assigned to one of two conditions, either a random condition or a sequence condition. In the random condition, the subjects were presented with nonrecurring problems that were always different in the five blocks of trials. These were chosen to be as different from one another as possible in terms of the steps involved in solving the problems. As in the random condition, subjects in the sequence condition were also presented with two blocks of trials comprising different problems, one at the beginning (Block 1) and one at the end (Block 5) of the training session. However, unbeknownst to the subjects, in Blocks 2, 3, and 4 of the training session, a repeating sequence of three problems (one 4-move, one 6-move, and one 5-move) was incorporated. In total, subjects in the sequence group were therefore exposed 15 times to the sequence of three problems. In order to minimize the chance of subjects noticing and trying to learn the repeated problems, consecutive presentations of the sequence of problems always involved a different combination of colours (i.e., although the problems looked different in terms of colour configuration from one trial to another, they required the exact same moves to be solved).
At the end of training, subjects in the sequence condition were asked to answer a short questionnaire to qualitatively assess their declarative knowledge of the repeating problems. This questionnaire comprised the following questions: 1) Did you notice anything particular during the execution of the Tower of London task? 2) Do you think that all of the problems were different from one another? 3) Do you think that some of the problems were repeated? 4) Did you notice a sequence of problems that repeated over and over? and 5) Did you notice anything different between the last block of trials and the other blocks of practice trials? When subjects noticed that a sequence of problems was repeated, they were asked to give more details (i.e., the minimum number of moves, the starting configuration of the balls in the working or the model display, and the specific moves that had to be executed).
Performance Indices and Data Analyses
Four learning indices were used to measure the subjects' performance on the Tower of London problems: 1) the total time in seconds used to complete a problem, running from the initial presentation of the problem to the completion of the last move, 2) the initial planning time in seconds, extending from the initial presentation of the problem until the first touch on the screen was made, 3) the execution time in seconds, defined by the time elapsed from the first touch until the completion of the problem, and 4) the total number of moves used to complete the problem.
The behavioural data were first examined using Bonferroni t-tests on the first and last blocks of trials to determine whether both groups of subjects had the same initial and final level of performance. Furthermore, separate 2 x 5 (Condition x Block) twoway analyses of variance (ANOVAs) were carried out for each dependent measure, in which Condition was treated as a between-group factor, while Block was treated as a within-subject factor. The degrees of freedom in the ANOVAs were corrected with the Greenhouse-Geisser procedure for possible heterogeneity of covariance. The alpha level was set at .05.
In addition, planned comparisons were used to provide a more detailed examination of the pattern of results. Planned orthogonal contrasts, corrected with the Bonferroni procedure for multiple comparisons, were carried out for each dependent variable to verify the following a priori hypotheses:
a) The subjects in both the random and sequence conditions would show significant improvement in performance on the task with practice from Block 1 to Block 5. b) The subjects' performance would improve significantly more from Block 2 to Block 4 in the sequence condition than in the random condition. c) The subjects' performance would deteriorate significantly when the sequence was removed (i.e., from Block 4 to Block 5) in the sequence condition, but not in the random condition.
Finally, exploratory analyses were performed on the number of errors and by level of difficulty.
Results
Separate t-tests revealed that the subjects included in the random and sequence conditions did not differ with respect to their mean age, level of education, and performance on the Visual Memory Span subtest of the Wechsler Memory Scale -Revised (see Table 1 ). The gender distribution was identical for both groups. The behavioural findings with respect to different dependent measures are shown in Figures 2, 3, 4 , 5. A summary of the results is presented in Table 2 .
Bonferroni t-tests performed on the first block of trials indicate that subjects in both conditions performed at an equivalent level at the beginning of training in terms of the total time, t (17) block of trials on any of the dependent measures, total time, t(17) = -0.45, p > .05, CI: -7.49, 3.68, initial planning time, t(17) = -1.01 , p > .05, CI: -5.41, 1.24, execution time, t(17) = 0.23, p > .05, CI: -3.70, 4.05, and number of moves, t(17) = 1.87, p > .05, CI: -0.35, 0.87, thus suggesting that subjects in both conditions achieved similar levels of performance in the random blocks.
Total Time
A two-way ANOVA with repeated measures (Condition x Block) performed on the total time to complete the Tower of London problems over the five blocks of trials yielded a significant main effect of Block, F(3, 92) = 18.50, p < .01, and a significant Condition x Block interaction, F(3, 92) = 3.67, p < .05. By contrast, the main effect of Condition was not significant, F(1, 23) = 1.31, p > .05.
Planned comparisons with Bonferroni corrections were used to test the a priori hypotheses. As predicted, the analyses revealed that subjects in both the random, F(1, 17) = 27.20, p < .01, and sequence, F(1, 17 = 10.82, p < .01, conditions required significantly less time to complete the problems in Block 5 than in Block 1. Furthermore, subjects in the sequence, F(1, 17) = 22.72, 
Initial Planning Time
A second two-way ANOVA with repeated measures (Condition x Block) was performed over the five blocks of trials on the measure of initial planning time before completing the first move on the Tower of London problems. This analysis showed a main effect of Block, F(3, 88) = 10.98, p < .001, indicating that, with practice, subjects took less time before completing their first moves. No effect of Condition was observed, F(1, 22) < 1, p > .05, and the Condition x Block interaction also failed to reach significance, F(3, 88) = 1.99, p > .05.
Planned comparisons using the same orthogonal contrasts as for the "Total Time" measure of performance were again applied to verify our three a priori hypotheses. Again, the results of these analyses revealed a significant decrease in initial planning time from Block 1 to Block 5 in both the random, F(1, 17) = 12,44, p < .01, and sequence, F(1, 17) = 9.89, p < .01, conditions. In accordance with our hypothesis, a significant difference was found between Blocks 2 and 4 in the sequence condition, F(1, 17) = 9.71, p < .01, but not in the random condition, F(1, 17) < 1, p > .05, suggesting a greater improvement in performance when a sequence of problems was presented than when problems were different on each trial. Contrary to our prediction, however, the performance of subjects in the sequence condition did not change significantly from Block 4 to Block 5, F < 1, p > .05. Nevertheless, taken together, these results point to an effect of the repeating sequence on the initial planning time needed before completing the Tower of London problems.
Execution Time
Again, a two-way repeated measures ANOVA (Condition x Block) was used to examine the time needed to solve the Tower of London problems. We observed a main effect of Block, F(3, 117) = 101.77, p < .01, as well as a significant Condition x Block interaction, F(3, 117) = 29.37, p < .05.
Planned comparisons showed that subjects in the random condition decreased their execution time from Block 1 to Block 5, F(1, 17) = 26.58, p < .01, whereas subjects in the sequence group did not (p > .05). This result may be explained by the fact that subjects in this last group showed a significant increase in execution time from Block 4 to Block 5, F(1, 17) = 7.13, p < .05, whereas no such increase was seen in the random group, F(1, 17) = 5.79, p > .05. Furthermore, the effect of the repeating sequence was also confirmed by a significant decrease in the time used to execute the solutions to the Tower of London problems from Block 2 to Block 4 in the sequence condition, F(1, 17) = 8.72, p < .01, but not in the random condition, F(1, 17) < 1, p > .05.
Number of Moves
A two-way repeated measures ANOVA performed on the number of moves needed to complete the Tower of London problems in the five blocks of trials revealed a significant Condition x Block interaction, F(3, 118) = 3.29, p < .05. The main effects of Block, F(3, 118) = 2.47, p > .05, and Condition, F(1, 29) < 1, p > .05, however, did not reach significance. Planned comparisons showed that only subjects in the random condition decreased their number of moves to complete the problems with practice from Block 1 to Block 5. However, subjects in the sequence condition needed significantly fewer moves from Block 2 to Block 4 when the sequence was presented, F(1, 17) = 11.89, p < .01, while subjects in the random condition did not, F(1, 17) < 1, p > .05. These results suggest that the presentation of the sequence had an effect on the number of moves required to complete the problems. Furthermore, subjects in the sequence condition used significantly more moves to complete the problems in Block 5 than in Block 4, F(1, 17) = 11.72, p < .01, suggesting that their performance decreased once the sequence was removed. No such decrease was seen in the random condition, F(1, 17) = 5.08, p > .05. 
Errors
The number of errors made was highly variable from one participant to the next. Table 3 presents a summary of errors by type. Two-way Condition x Block analyses of variance revealed no significant change in the number of errors made over the course of learning, F(3, 97) = 0.31, p > .05, no interaction, F(3, 97) = 1.22, p > .05, and no difference between groups, F(3, 97) = 0.01 p > .05. This is not surprising given that participants were specifically instructed not to perform illegal moves and generally adhered to this, thus making very few errors. The most common type of error made was to select and then de-select a flashing ball, which can either be a result of impulsivity or a change in the problem-solving/planning process.
Analyses by Level of Difficulty
Exploratory analyses were performed on the data to determine how the level of difficulty of the problems influenced learning. The pattern of results was not always consistent from one dependent variable to another or from one level of difficulty to another, thus rendering the interpretation of results quite difficult (see Table 4 ). Furthermore, the power of these analyses is reduced as only 15 problems could be considered for each level of difficulty. In general, however, a significant learning effect was observed regardless of the level of difficulty (main effects of Block were significant for Think Time, Total Time, and Execution Time). Group x Block interactions were found significant for the four-and five-move problems, yet group effects were only seen for the four-move problems. This suggests that the effect of the sequence was stronger in the easier problems.
Declarative Knowledge of the Sequence
Analysis of the subjects' responses on the short questionnaire revealed that though subjects in the sequence condition were aware that certain problems were repeated, only four of the eighteen subjects were able to relate any specific information about the repeating problems. For example, they noticed a difference between the conditions of presentation of the problems in Blocks 4 and 5, and realized that they had completed the same configurations of problems that changed only with respect to colour. Based on these findings analyses were run again excluding the performance of these four subjects in order to determine whether the level of declarative knowledge of the sequence influenced significantly the learning effect observed in the task (see Table 5 ). The results of the analyses yielded a pattern identical to the one found with the group as a whole. The learning effect observed in the first analysis was therefore not due to the performance of subjects Discussion The present study constitutes the first attempt to study the changes that occur over time while normal control subjects are acquiring the ability to solve problems using the Tower of London task. We used a sequence learning paradigm to compare the performance of subjects exposed to different problems on each trial to that of subjects presented with a repeating sequence of three problems. The results reveal that subjects in both the random and sequence conditions improved their performance on this task with practice. This suggests that exposure to such problems can, by itself, trigger changes in a subject's capacity to use the mental operations necessary to solve this type of problem. A careful analysis of the fluctuations in different dependent measures also shed light on the cognitive mechanisms underlying the increase in performance on the Tower of London task. Finally, the present findings show that, after several repetitions of a sequence of Tower of London problems, the subjects further increased their efficacy at developing specific sets of rules and strategies to perform this task, over and above their general ability at solving problems.
General Skill Learning
The first objective of this study was to examine the development of a general ability with practice using the Tower of London task. Subjects in the random condition exhibited significant learning of the skill necessary to solve Tower of London problems more efficiently, as evidenced by significant decreases in the four dependent variables measured on this task. Although subjects in the sequence condition were exposed to repeating problems, our results suggest that they too acquired the general rules, procedures, and strategies applicable to any Tower of London problem. Indeed, these subjects also demonstrated a significant increase in performance from Blocks 1 to 5. Both groups reached a similar level of general ability after practice, as evidenced by the fact that no significant difference in the performance of the two groups was observed in any of the dependent variables on the first and last blocks of practice (Blocks 1 and 5).
Our findings are in accord with a large number of studies that have examined cognitive skill learning in normal control subjects using a variety of paradigms (see Newell & Rosenbloom, 1981 , for a review). Our results are also consistent with previous studies using the Tower of Hanoï, which have shown that subjects exhibit a significant improvement in solving the puzzle after repeated exposure to this task (Beatty et al. 1987; Butters et al., 1985; Cohen et al., 1985; Saint-Cyr et al., 1988) . Thus, the present pattern of findings indicates that this new version of the Tower of London task constitutes a valid measure of an individual's ability to acquire a new cognitive skill. Because this task allows the possibility of studying performance using different dependent variables and to present subjects with a large number of problems varying in difficulty level, the Tower of London test is also thought to represent an adequate laboratory measure of the cognitive skills that are used in everyday life.
Cognitive Processes Involved in Skill Acquisition
The second objective of this experiment was to shed some light on the different learning mechanisms elicited during acquisition of the cognitive skill under study. One of the main components of skill acquisition put forward by the present results is that the learning of this task through practice is characterized by a significant acceleration in the time taken to elaborate mentally a solution to the Tower of London problems. As the skill developed, subjects spent less time in the initial planning phase. Previous neuropsychological studies (Owen, 1997; Owen et al., 1996) have used a similar measure of the "thinking time" used to perform Tower of London problems of varied degrees of complexity. These studies have shown a positive correlation between longer thinking time and increasing difficulty of problems. Whereas these studies looked at performance at one point in time, our results illustrate changes in initial planning time over time during a training period. Indeed, our data suggest that the proficiency of this process is improved with learning. Because the subjects were instructed to try to plan a solution to the problem in order to complete it in the minimum number of moves, it is reasonable to believe that this dependent measure provides a good indicator of the subjects' planning ability to solve such problems. Such a pattern of findings is in accord with other studies on cognitive skill learning that have reported a reduction in the subjects' latency to respond to electronic problems using the Digital Logic Gates Test (Woltz, 1988 ) and a shorter period of time needed to give a response to problems requiring complex mathematical operations . Another important mechanism of skill acquisition observed in this study was an increase in efficiency at carrying out a solution. Subjects showed a significant reduction both in terms of time to execute the solution and in the number of moves needed to complete the Tower of London problems after practice. This replicates the findings from studies using the Tower of Hanoï task, which indicate that normal control subjects can learn to solve this puzzle using a decreasing number of disk displacements (Beatty et al., 1987; Butters et al., 1985; Cohen et al., 1985; Saint-Cyr et al., 1988) . Our results, therefore, suggest that as the skill develops with practice, solutions come to be rapidly transformed into more effective plans of actions. In turn, these actions are carried out more easily and rapidly, and with fewer superfluous behaviors.
The fact that subjects improved their execution of the solutions is also suggestive of amelioration in the efficiency of subsequent planning processes (i.e., planning activities occurring after the first move was initiated). Indeed, even though subjects were asked to initially plan the solution to the problems before initiating a first move, there is evidence to suggest that further planning occurs once the first move is completed (Owen, 1997; Owen et al., 1996) . We therefore believe that the decrease observed in execution time as a function of practice reflects not only a decrement in the time needed to complete the displacements, but also an acceleration in subsequent planning processes.
We propose that, with practice, subjects learn to combine and coordinate more easily, and with increasing fluidity, the different procedures involved in the completion of the Tower of London task. This proposition falls in line with Charness and Campbell's (1988) finding that the time spent on resolving individual parts of a mental calculation task accounted for only 20 to 33% of the speed-up in performance in terms of the total time needed to solve the whole mathematical operation. This suggests that a major portion of the variance attributable to the improvement seen in the subjects' performance with training is due to increased efficiency in combining and managing the individual parts of the task and in activating the operations that allow subjects to make more efficient links between the different components of the algorithm.
Although it is difficult to identify the nature of such linking processes, one possible candidate in the Tower of London task is the subjects' working memory capacity. Indeed, working memory is a major contributor in this task as it requires an active search of solutions and the generation of plans of actions, placing a significant load on short-term memory processes (Owen, 1997; Owen et al., 1992 Owen et al., , 1996 . Subjects need constantly to monitor and evaluate their moves, and to keep track mentally of the plans and actions they made. It is highly probable that working memory is the major intermediate process that allows easy and rapid switching back and forth between the planning and execution phases to more effectively generate and adjust plans and moves. With skill acquisition, on-line evaluation and readjustment of plans and execution could be made more effectively with information flowing faster through working memory and in a more efficiently organized manner.
Unfortunately, the design of this experiment did not allow us to monitor the development of specific strategies, nor did it enable us to quantitatively assess their types and frequency during problem solving. In future experiments it may be interesting to use recognitionoriented measures of strategy development. Based on the literature on problem solving, however, it is possible to suggest some of the ways subjects may be approaching Tower of London problem solving. Indeed there exist global strategies, commonly called heuristics, which can be applied to a variety of problem-solving situations and can also be applied to Tower of London resolution. A heuristic, as defined by Anderson (1990) , is a rule of thumb that often (but not always) leads to a solution. This type of rule can be contrasted with algorithms, which are guaranteed to result in the solution of a problem. Some common heuristics include the following: 1) The differencereduction method (or hill-climbing) involves choosing operators that will reduce the difference between the actual and goal state. As an example, in Figure 1 -a, moving the blue ball to the bottom of the second column reduces the difference by one step between the working and model displays; 2) Means-end analysis relies on a similar principle, but includes the setting of subgoals to reduce the difference between the actual and goal state; 3) The working-backward method involves breaking a goal into a set of subgoals whose solutions imply a solution of the original goal; 4) Problem solving by analogy is a form of episode-or example-based learning and involves using the structure of the solution of one problem to solve another; 5) Finally, trial-and-error learning is also used by some participants in problem solving. While this is not directly a heuristic, such an approach often triggers the use of a rule of thumb once participants realize they are closer to a solution. With respect to the Tower of London, this can be seen in participants who displace balls on the screen seemingly at random until they realize they are on the path to a solution, whereby another heuristic is often applied.
Though it is possible to identify the use of such strategies in participants solving the Tower of London, the application of these heuristics is not a conscious process in that participants do not actively employ one rule or another. Furthermore, there is a great deal of variation in the heuristics used from one individual to another, and even within the same individual solving different Tower of London problems. Finally, any combination of heuristics may be used by one person and within one problem. Unfortunately, it is very difficult to determine the exact way a problem is solved without a step-by-step verbalized description by the solver.
It is our belief that the increasingly efficient application of the above mentioned heuristics eventually leads to the establishment of specific production rules for solving the Tower of London task, which, with practice, result in procedural learning. Anderson (1997) has proposed a four-stage model of skill acquisition involving four overlapping stages: Participants first start with analogy to study examples; with increasing practice, they develop abstract rules, and gradually move to the use of production rules. Finally, they perform a task by retrieval of specific examples. This distinction between problem solving by analogy or by abstraction of rules is akin to the comparison cited in the problem-solving literature between episode-and rule-based learning (Caplan & Schooler, 1990) .
We believe that the way in which participants acquire the skill of solving the Tower of London is through a combination of declarative and procedural knowledge similar to that outlined in Anderson's cognitive skill-learning theory. Indeed, participants initially have only a few Tower of London examples on which to base their strategies for problem solving. As practice evolves and they acquire an increasingly large pool of experience, they learn to use previous experience or similar examples to guide them and begin to apply problem-solving heuristics. The application of such heuristics in turn leads to the development of abstract rules specific to the Tower of London task. These rules enable them to near their goal. For instance, an individual might realize that a ball that must be placed on the bottom of a column has to be kept "free" such that it can be placed first, and therefore should either be alone or on top of another ball. With practice, such abstract rules come to be combined more effectively and rapidly and result in procedural learning. At a concrete level, this learning is reflected by changes in the behavioural data. As such, our findings allow us to suggest at least four mechanisms underlying the acquisition of a problem-solving skill using the Tower of London: 1) an acceleration of the planning phase where subjects construct a solution more effectively, probably through faster analysis and comprehension of the problem, 2) an increase in efficiency in the execution phase where subjects come to carry out their plans more and more effectively with less superfluous behaviours, 3) an acceleration in subsequent planning processes where plans are adjusted or new ones are elaborated, and finally, 4) a tuning of intermediate processes, possibly working memory capacities, that allow more effective monitoring of the subjects' behaviour in order to link together the appropriate plans and strategies needed for the intended actions. Finally, in time and with substantial exposure to Tower of London problems, participants can refer back to specific examples from the pool of problems and thus even more rapidly apply a solution. As we will see in the following section, this may reflect the particular type of learning observed when a sequence is included in the Tower of London problem set.
Sequence Learning
The third objective of the present study was to address the issue of specificity of the cognitive skill that was acquired with practice on the Tower of London task. Our results indicate that the introduction of a repeating sequence of elements in a cognitive task can enhance learning. Indeed, the learning curve was significantly different when the two groups of subjects were compared. Subjects in the sequence condition demonstrated a significant improvement on measures of total time, initial planning time, execution time, and number of moves between Blocks 2 and 4, when the sequence was presented. Subjects in the random condition, on the other hand, did not show such improvement from Block 2 to Block 4. Furthermore, subjects in the sequence condition demonstrated a significant negative transfer from Block 4 to Block 5, in terms of the total time, execution time, and the number of moves when the sequence was removed, whereas no such change was observed in the random condition. By contrast, subjects did not show a deterioration in their measure of initial planning time from Block 4 to Block 5. This may suggest that subjects did not notice that the problems were different from those of the previous blocks, as they did not take significantly more time to think or plan before initiating their first moves. However, the change in the number of moves, execution, and total time indicates that subjects were less efficient when different problems were presented on each trial and that they needed to engage in more subsequent planning activities.
Thus, the results of this experiment provide the first evidence that a cognitive skill can be measured with a sequence learning paradigm. There is now general agreement that the ability to acquire a sequence of events or actions is an essential part of skill learning (Clegg, DiGirolamo, & Keele, 1998) . For example, the serial reaction time task has been repeatedly used to measure one's capacity to acquire a motor skill composed of sequences of movements (e.g., Doyon, 1997; Doyon et al., 1997 Doyon et al., , 1998 Nissen & Bullemer, 1987) . Sequence learning paradigms are useful in that they are relatively simple to implement and allow easy manipulation of the stimuli. In such a design, changes in improvement seen over time can therefore be readily associated with the presence or absence of the sequence. Our results are in accord with those of Nissen and Bullemer (1987) who reported that a significant decrease in reaction time on a visuomotor sequence learning task can be observed when the presentation of stimuli follow a specific sequence, but not when stimuli are displayed in a random order. This suggests that the learning of a specific sequence of events can be dissociated from the more general ability to respond to stimuli that is acquired in the random condition. Similarly, the results of our study support the idea that additional improvement in performance due to the presentation of repeated items can be attributed to the acquisition of a skill that is specific to the sequence of problems. This specific skill can develop over and above a more general ability at executing any Tower of London problem. Indeed, though the amount of practice was the same in both the random and sequence conditions, we believe that the learning experience is different for both groups and that greater exposure to the same problem may potentiate learning. Thus, it is possible that repetition of problems enables accelerated learning by priming the access to specific solution paths, a process from which participants cannot benefit when solving problems in the random condition. In this way, participants may develop knowledge of production rules more rapidly because the solutions to the sequence problems are always the same. The solution path applied to a sequential problem is, however, very specific and cannot directly be generalized to all problems. Thus, each time subjects are presented with a repeating five-move problem, they can apply exactly the same solution and know that it will work, but when presented with a random fivemove problem, for example in Block 5, the rule previously used for sequence problems may not apply. This forces subjects to resort back to the same problem-solving mechanisms as those in the random condition, as outlined above. Another aspect that differentiates learning in the sequence and random conditions is that participants in the sequence condition have the possibility to solve repeating problems by using past examples as a whole, though this is not necessarily a conscious process. This contrasts with those in the random condition who can only use parts of a previous example when solving problems by analogy. Additionally, participants in the sequence condition may benefit from feature-analysis during problem solving, whereas those in the random condition profit only from a heuristic-based approach. Sequence learners may begin to pay attention to the repeating disposition of balls and order of colours in both the working and model displays, thus giving them additional sources of information during learning.
The acquisition of sequential information can occur in a variety of tasks and can involve both nondeclarative processes or declarative processes (Grafton, Hazeltine, & Ivry, 1995) . It is our belief that the acquisition of any skill that is cognitive in nature requires a complex amalgam of both these processes. In the present experiment, noticing the repetition may have constituted a piece of declarative information that could have contributed to an enhancement in learning. Certainly, awareness of a repetition may have caused participants to pay closer attention either to the abstract rules necessary to solve a particular repeating problem, or to the surface characteristics (feature analysis). This is more likely to be the case in the easier four-move problems simply because the solution to these problems is easier to recognize and places less of a load on working memory. However, it is likely that the increase in performance with the repeating problems was not simply due to the fact that subjects developed some explicit knowledge of the solutions to these problems with practice. Indeed, even though most subjects noticed that some problems were repeated, very few were able to give details about them. This indicates that subjects could not have generated the solution to the problems solely on the basis of explicit knowledge of the moves to be executed. Since subjects had to go through the problem-solving process on every trial, they had to engage the procedural learning operations that allow the elaboration of an effective strategy. These findings are consistent with studies demonstrating that amnesic patients can acquire cognitive skills normally despite having no explicit recollection of the information learned over the training sessions (Beaunieux et al., 1998; Brooks & Baddeley, 1976; Cohen et al., 1985; Gabrieli, Keane, & Corkin, 1987; McGlinchey-Berroth et al., 1989) . They are further consistent with the observations made by Kirkhart (2001) in a study designed to examine the nature and function of declarative knowledge in an implicit and explicit version of an artificial grammar task. Indeed, the author suggests that, "declarative statements generated for the implicit task were posthoc descriptions of the most commonly seen physical features…" In this sense, it is possible in the Tower of London task that information reported by subjects may be a description of behaviour emitted (related either to a heuristic or to the physical features of the task) during problem solving rather than being information that was available and helpful to the participant during learning. In order to test such a hypothesis, an "explicit version" of the Tower of London task could be developed in which participants are immediately given a set of rules that can guide their problem-solving attempts, and compared to an "implicit version" such as that used in the present experiment. Such a comparison may help to distinguish when declarative information is the source of behaviour (explicit learning) and when it is not (implicit learning).
Conclusion
In conclusion, the present findings provide evidence that the Tower of London task is not only useful as a tool to measure procedural learning, but that it also allows to gain insight into the mechanisms that underlie cognitive skill acquisition. In this new version of the Tower of London task, subjects learned to use the proper strategies, rules, and procedures pertaining to this task with practice in order to plan the best solutions to the problems and to carry them out more effectively. Furthermore, our findings demonstrate that the use of sequence learning paradigms enables the study of the development of a specific set of mental operations that can be differentiated from a more general ability at solving the Tower of London task. This new way of studying cognitive skill learning could be helpful in elucidating other phases of learning such as consolidation and retention, and could also be combined with modern brain imaging techniques to examine the neural substrates of the different mechanisms involved at different phases of learning of cognitive skilled behaviour. Finally, this new task could be useful to develop training programs to enhance performance on cognitive tasks after damage to the human brain.
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Correspondance concerning this article should be addressed to Julien Doyon, Département de psychologie, Université de Montréal, C.P. 6128 succursale Centre-Ville, Montréal, Québec H3C 3J7 (E-mail: julien.doyon@ umontreal.ca). améliorée du Bloc 2 au Bloc 4, mais ce seulement pour les individus assignés à la condition « séquence » et non pas pour ceux dans la condition « aléatoire ». L'analyse des résultats démontre que trois mécanismes supportent le développement de l'habileté à résoudre ce type de problèmes, soit une accélération de la phase de réflexion ou de planification, une exécution plus efficace des plans élaborés et une accélération des processus intermédiaires permettant le suivi et l'autocorrection de la performance. Ensemble, les données suggèrent qu'une habileté spécifique, reflétant l'apprentissage procédural de stratégies, de règles et de procé-dures relié à des problèmes répétitifs peut se dévelop-per au-delà d'un apprentissage d'habileté plus général en ce qui concerne la résolution de problèmes de planification cognitive avec la pratique.
